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Summary
Inconsistency of wheat end-use quality has long been a problem for the milling and baking industries, which
require high levels of uniformity for modern, high speed, processing. Extensive research was conducted to
characterise genetic, environmental, and biochemical factors that contribute to variation in wheat quality.
Samples from 17 locations of trials with 30 cultivars grown over two years were evaluated for grain quality,
milling yield, mixograph parameters and baking properties. Protein quality and composition of flour samples
were determined by SDS sedimentation and size-exclusion chromatography. Test sites were monitored for
soil fertility, and meteorological data was collected hourly during grain fill. Additional grain samples and data
were collected from six cultivars grown at 11 locations in 1993. Significant variation in end-use quality was
observed among samples; variation was attributed to environmental effects, genotype, and their interactions.
For many mixograph and baking parameters, variation attributed to environmental effects was of greater
magnitude than for genotype. Increasing levels of low molecular weight (LMW) saline soluble proteins were
related to a general decline in dough mixing properties and loaf characteristics. However, correlations of
protein components with baking parameters were generally low, suggesting limited predictive value. Hours of
high temperature stress (>32 °C) during grain fill were associated with loaf volume and SDS sedimentation
volume, although in a curvilinear fashion. Increasing temperature stress initially had a positive influence on
loaf volume and protein quality; however, when temperature stress exceeded 90 hours, there was a strong
negative influence on baking quality. Variation among cultivars for environmental stability was indicated and
cultivar responses to temperature stress varied. Relationships with meteorological data suggest opportunities
to predict wheat end-use quality through environmental modelling.
Introduction
End-use quality attributes of hard winter wheat
produced in the U.S. Great Plains are inherently in-
consistent, both within and over crop years. The re-
gion has a wide range of wheat production practic-
es, dramatic fluctuations in climatic conditions, er-
ratic disease and insect pressures, and substantial
genetic diversity for quality among cultivars de-
ployed throughout the region. These inconsisten-
cies creates problems for the domestic milling and
baking industry, which requires a high level of uni-
formity in flour performance to meet the demands
of automated, high-speed, processing facilities.
Wheat breeders can improve overall end-use qual-
ity of cultivars through evaluation and selection.
However, genetic improvement in processing qual-
ity may not translate into improved ‘consistency’ in
the marketplace due to inherent variation caused
by production environments.
Several researchers have shown evidence for var-
iation in genetic response to environment for vari-
ous measures of end-use quality (Peterson et al.,
1992; Baenziger et al., 1985; Bassett et al., 1989;
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1 Mention of firm names or trade products does not imply that
they are endorsed or recommended by the USDA or the Univer-
sity of Nebraska over other firms or products not mentioned.
Busch et al., 1969). Few studies, however, have eval-
uated the relative influences of genotype and envi-
ronment on variation in bread quality or other
baked products, which are the ultimate measures of
end-use quality. A more thorough understanding of
the role of environment, environmental compo-
nents, genotype, and genotype by environment in-
teractions (G x E) on end-use quality is needed.
Breeders must consider whether selection for qual-
ity ‘stability’ over environments is an important or
reasonable goal, and how this might relate to cur-
rent evaluation strategies for improvement in
‘mean’ quality. If improved stability can provide a
significant economic benefit to the industry, new
strategies and cost-effective methods to measure
genotypic stability need to be developed.
Information and mechanisms for characterising
intra-regional crop quality are currently inadequate
for the domestic US milling industry. Varietal sur-
veys provide some indication of potential end-use
quality, but most companies rely on extensive bak-
ing and quality evaluation of in-house crop surveys.
Key genetic and environmental components that
affect quality need to be identified and monitored
to improve grain sourcing and blending to meet
end-use quality specifications. Recent research by
Blumenthal et al. (1993) and Corbellini et al. (see
these proceedings) has suggested that high temper-
ature stress may result in modification of protein
composition and reduce end-use quality. However,
before temperature or other environmental mea-
sures may be used effectively for predicting quality,
cultivar responses over a wide array of production
conditions need to be evaluated.
Materials and methods
Thirty hard red winter wheat cultivars were grown
in replicated trials at 10 locations in Nebraska in
1990 and 1991. Grain samples were obtained from a
total of 17 environments, each location/year combi-
nation was treated as a separate environment. Cul-
tivars were chosen based on historical importance
to the Great Plains and to represent the regional di-
versity in end-use quality found among released
cultivars during the last 30 years. Locations repre-
sented a wide array of environmental conditions
and were managed using practices common to the
surrounding wheat growing areas.
Six cultivars, Abilene, Arapahoe, Cimarron,
Karl, Scout 66, and TAM-107, were grown in addi-
tional replicated trials at 11 locations in 1993. These
cultivars were also included in the 1990-1991 study,
providing a total of three years and 26 locations for
evaluation of environmental effects on end-use
quality.
Grain samples were milled in a Buhler1 Labora-
tory mill (Buhler Inc., Minneapolis, MN). Flour
protein content was determined on a dry weight ba-
sis using near-infrared spectroscopy. Protein com-
position was evaluated using size-exclusion chro-
matography as described by Graybosch et al.
(1996). SDS sedimentation volume was measured
using approved methods (Anonymous, 1983) on a 2
g flour sample. Mixograph analyses were conducted
using a National Manufacturing Mixograph (Lin-
coln, NE). Mixograph peak time was recorded as
time to peak dough development, and mixograph
tolerance as mm width of the mixograph curve two
minutes past peak. A 100 g pup loaf baking proce-
dure was used to evaluate loaf properties. A
straight dough process with fermentation time of
three hours was used and the bake formula did not
include any oxidation agents. Loaf external and in-
ternal appearance was subjectively scored on a 0-12
scale, with 12 considered as excellent.
On-site or near-site weather stations were used to
collect hourly data on air temperature and relative
humidity during grain fill, from anthesis to physio-
logic maturity, from each growing location. Envi-
ronmental stresses were calculated as the cumula-
tive number of hours of temperature stress >32 °C
(or >90 °F), or hours of relative humidity <40% at
each test site during grain filling. The grain filling
period was defined based on the average maturity
of cultivars grown in the trials. Weather stations and
data networks were operated and maintained by
the High Plains Climate Centre, Department of
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Table 1. Means and ranges for quality parameters measured from 30 cultivars grown at 17 locations during 1990-1991
Mean Range
Overall Cultivars Locations
Flour protein (mg g–1) 129 78–227 112–161 97–177
Mixograph peak time (min) 3.94 1.30–9.25 2.98–5.43 3.17–7.74
Mixograph tolerance (mm) 18.9 5.8–39.7 8.3–15.7 10.2–14.0
Absorption (%) 61.5 54.5–69.0 59.1–66.3 57.7–63.8
Pup loaf volume (cc) 940 615–1135 847–1034 767–1040
External loaf (0-12) 6.3 0–12 3.4–9.2 0.7–10.0
Internal loaf grain (0-12) 5.5 0–12 4.4–8.4 3.4–7.7
SDS sedimentation volume (cc) 32.2 21.4–38.6 23.4–41.2 21.4–38.6
Table 2. Ratios of variance components associated with environment, genotype, and their interaction for quality parameters measured
from 30 cultivars grown at 17 locations during 1990-1991
Environment/genotype Genotype/ G × E Environment/ G x E
Flour protein 2.30 2.71 6.28
Mixograph peak time 4.03 1.85 7.46
Mixograph tolerance 0.56 1.95 1.10
Absorption 2.13 1.59 3.39
Pup loaf volume 3.19 0.96 3.07
External loaf 4.52 0.41 1.86
Internal loaf 1.96 0.30 0.58
SDS Sedimentation volume 1.22 2.33 2.83
Agricultural Meteorology, University of Nebraska,
Lincoln, NE.
Statistical Analysis System (SAS Institute, 1985)
programs were used for analyses of variance and
determination of variance components. Each loca-
tion-year was treated as a separate environment,
and both genotypes and environments were consid-
ered as random effects in the analyses. Cultivar
means over locations were calculated for each qual-
ity parameter and correlated to measures of envi-
ronmental stress.
Results and discussion
Grain samples obtained from 30 cultivars grown at
17 locations in 1990-91 exhibited a wide range of
end-use quality attributes (Table 1). Flour protein
concentrations ranged from 78 to 227 mg g–1 with
mixing requirements ranging from 1.3 to 9.25 min-
utes. Pup loaf scores ranged from unacceptable
with volumes as low as 615 cc, to superior with vol-
umes over 1100 cc from 100 g of flour. Cultivars and
growing locations both contributed to diversity in
quality characteristics. Ranges among location
means were similar to, or somewhat larger than,
ranges established among cultivar means for each
of the quality parameters.
The main effects of genotype and environment
and their interaction, were statistically significant
sources of variation for all quality parameters (ana-
lyses of variance not shown). Of greater interest
was the relative magnitude of variation attributable
to these effects, which were compared using varia-
nce component ratios (Table 2). Variances in qual-
ity traits attributable to environmental effects over
the 17 locations were from 1.2 to 4.5 times larger
than genetic variances. The exception was mixo-
graph peak time, for which the genetic variance was
approximately twice that associated with environ-
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Table 3. Correlation of end-use quality measures averaged from 30 cultivars grown at 17 locations during 1990-1991 with number of hours
of temperature >32 °C, and relative humidity less than 40%, measured at each location during grain fill
Hours of air
temperature > 32 °C
Hours of relative
humidity < 40%
Flour protein 0.00 -0.40
Mixograph peak time 0.62** 0.54*
Mixograph tolerance –0.02 –0.56*
Absorption –0.55* –0.59*
Pup loaf volume –0.50* –0.89**
External loaf –0.43 –0.85**
Internal loaf –0.12 0.25
SDS sedimentation volume –0.63** –0.87**
*, ** Significant at P = 0.05 and P = 0.01, respectively.
Figure 1. Relationship between location mean loaf volume and
hours of temperature >32 °C during the grain filling period for 30
cultivars grown at 17 locations in 1990-1991 (y = 839 + 4.70x –
0.039x2; r2 = 0.48).
Figure 2. Relationship between location mean SDS sedimenta-
tion volume and hours of temperature >32 °C during the grain
filling period for 30 cultivars grown at 17 locations in 1990-1991(y
= 29.9 + 0.197x – 0.002x2; r2 = 0.55).
mental effects. The importance of G x E interac-
tions varied among the quality traits. For traits such
as flour protein, SDS sedimentation, mixograph
peak time and tolerance, and absorption, the inter-
action variance was lower than the variance associ-
ated with genotypes. However, for pup loaf scores
and loaf volume, the G x E interaction variance was
similar or larger than the genotypic variance. A rel-
atively larger G x E variance would indicate that
substantial variation in cultivar response to envi-
ronmental stresses exists and there is potential to
improve stability for these quality traits through
evaluation and selection. While the G x E interac-
tion variance was likely inflated due to lack of repli-
cation in the pup loaf bakes, the magnitude of these
variances suggest it would be difficult to predict loaf
quality and baking performance of samples from
prior knowledge of genotype alone. Knowledge of
growing conditions and environmental stresses may
provide relatively more predictive power for many
key quality traits, including loaf volume potential
and external loaf characteristics.
Air temperature and relative humidity data from
on-site or near-site weather stations were examined
as potential measures of environmental stress dur-
ing grain fill. Increasing temperature stress among
the locations, as calculated from number of hours
with air temperature >32 °C, was correlated to a de-
crease in SDS-sedimentation volume, absorption
and loaf volume, and an increase in mixograph peak
time. However, the maximum r value did not ex-
ceed r = 0.62 (Table 3). On further examination,
there was a significant curvilinear relationship of
temperature stress with loaf volume and SDS-sedi-
mentation, with r2 values of 0.48 and 0.55, respec-
tively (Figs. 1 and 2). Initially, increasing temper-
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Figure 3. Relationship between location mean loaf volume and
hours of temperature >32 °C during the grain filling period for
six cultivars grown at 26 locations in 1990-1991and 1993 (y = 844 +
4.64x – 0.04x2; r2 = 0.44).
Figure 4. Relationship between location mean SDS sedimenta-
tion volume and hours of temperature >32 °C during the grain
filling period for six cultivars grown at 26 locations in 1990, 1991
and 1993 (y = 30.200 + 0.207x – 0.002x2; r2 = 0.48).
Figure 5. Relationship between location mean protein content
and hours of temperature >32 °C during the grain filling period
for six cultivars grown at 26 locations in 1990, 1991 and 1993.
Figure 6. Relationship between loaf volume and hours of tem-
perature >32 °C during the grain filling period for the cultivars
TAM-107 and Karl grown at 26 locations during 1990, 1991 and
1993.
ature stress resulted in increased SDS-sedimenta-
tion volume and loaf volume. However, as location
temperature stress exceeded 90 hours over 32 °C,
there was a sharp decline in both quality traits. In
this study, total flour protein content was not relat-
ed to temperature stress, rather, temperature ef-
fects were related to a change in protein quality, as
measured by SDS-sedimentation volume. Environ-
mental stress due to low relative humidity, calculat-
ed from number of hours of relative humidity less
than 40%, was related to a general decrease in end-
use quality. Hours of low relative humidity had
strong negative linear correlations (r > -0.80) with
SDS-sedimentation volume, loaf volume and exter-
nal loaf scores.
Graybosch et al. (1996) examined protein com-
positions of these same samples via size-exclusion
chromatography and SDS-sedimentation. Proteins
were fractionated into glutenins, gliadins, saline ex-
tractable proteins of Mr > 25k, and two classes of
LMW proteins of Mr > 25k based on extractability
in saline. Correlations of glutenin and saline extrac-
table proteins of Mr > 25k with loaf exterior were
highly significant, at r = 0.71 and -0.76, respectively.
Increasing levels of saline soluble proteins were re-
lated to a general decline in mixograph tolerance,
with r values ranging from -0.54 to -0.57. However,
there were no other correlations of size-exclusion
protein components with mixing and baking quality
parameters that exceeded r = 0.60, including corre-
lations with loaf volume. It is notable that measures
of environmental stress reported here were more
closely related to variation in mixing and baking
quality parameters than any of the size-exclusion
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protein components. Environmental relationships
were of comparable magnitude to correlations of
loaf parameters with SDS-sedimentation volume,
which is a commonly used measure of overall end-
use quality potential.
Influence of temperature during grain fill was
further investigated using data from six varieties
grown in the 1990-91 and 1993 trials. Loaf volume
and SDS sedimentation volume continued to show
a significant curvilinear response to temperature
stress with inclusion of the 1993 data (Figs. 3 and 4)
at r2 = 0.44 and 0.48, respectively. In contrast, no re-
lationship between protein content and temper-
ature stress was indicated (Fig. 5). Graybosch et al.
(1995) confirmed that temperature stress may result
in modification of protein composition without in-
fluencing protein content. Increasing temperature
stress was related to decreased glutenin concentra-
tion and increased levels of LMW saline insoluble
and HMW saline soluble proteins. Temperature
stress also was related to an increase in variability of
LMW saline insoluble protein levels.
A curvilinear response of loaf volume to temper-
ature stress was found for each of the six cultivars
when examined individually over the three years
(data not shown). There was evidence of variation
in response to temperature stress among the culti-
vars, as illustrated in Fig. 6. The cultivar TAM-107
showed lower average loaf volume and much
greater variability in response to temperature stress
as compared with Karl, which was relatively more
stable.
Conclusions
In this study, environmental factors had a major in-
fluence on wheat end-use quality. Environmental
variance in mixing and baking quality traits was of-
ten greater than the variance associated with culti-
vars. There were significant relationships of tem-
perature with protein quality and loaf volume,
which suggest that climatic information and weath-
er models could be useful in predicting grain qual-
ity. Genotype by environment interactions were
found to have a significant influence on quality, but
contributed a smaller proportion of variability as
compared with either environment or genotypic
main effects. Potential exists for some improvement
in environmental stability of cultivars, especially for
baking quality and loaf characteristics. At mini-
mum, strategies to characterise environmental re-
sponse of advanced breeding lines should be devel-
oped so that ‘unusual’ response types, or cultivars
with highly variable quality attributes, are identi-
fied. Industry grain sourcing could be substantially
improved through integrating knowledge of culti-
var distributions with key environmental measures
that relate to end-use quality. A basic understand-
ing of variation among cultivars in their response to
environmental stress would further improve prob-
ability of predicting and sourcing superior quality
grain for baking.
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